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Abstract 
In Europe and Asia, Elodea nuttallii is known as an invasive alien species that causes serious economic and environ-
mental problems. This study demonstrated Elodea’s ability to affect the biogeochemical character of its rhizosphere by 
investigating the radial oxygen loss (ROL) of Elodea’s roots and its influence on the spatial variability of root precipitate 
formation as well as microbial colonization. The oxygen content on the root surface was measured using a Clark-type 
microelectrode, oxic and anoxic microzone patterns were visualized by means of methylene blue colorization, and the 
spatial distribution of root-associated microorganisms was examined using a confocal laser scanning microscope. The 
elemental composition of the root plaque was also analysed using a scanning electron microscope equipped with an 
X-ray microanalysis tool. Oxic and anoxic microzone patterns were found along the root surfaces of E. nuttallii; the 
iron deposits were spatially inhomogeneous and corresponded with root associated microbes. The absence of 
phosphorus at iron coatings was unexpected and raised questions regarding a redox-mediated phosphorus uptake 
strategy based on a root–microbe relationship. A decrease in the number of visible microbes with increasing iron plaque 
formation was also observed; thus, the spatial mosaic of microbial root colonization seems to be linked to ROL and iron 
plaque formation. These findings will generate studies on aquatic plant-associated microbes and their role in nutrient 
uptake of aquatic plants, especially on how such an overwhelming phosphorus uptake strategy could jeopardize 
phosphorus and weed management activities. 
Key words: Elodea, Elodea nuttallii, iron plaque, macrophytes, phosphorus uptake, radial oxygen loss, root-
associated microbes, weed management
Introduction
In Eurasia, Elodea nuttallii (Planchon) H. St. John 
(1920) behaves as a highly productive, invasive alien 
species, able to survive in habitats ranging from oligo-
trophic to hyper-eutrophic waters (Cook and Urmi-König 
1985, Vöge 1995, Nagasaka 2004, Angelstein 2009, 
Beck and Melzer 2013, Baldy et al. 2015), frequently 
leading to serious economic and environmental problems 
(Beck and Melzer 2013, Hoffmann et al. 2013, Zehnsdorf 
et al. 2015). In response, several experiments have been 
conducted to control the development of Elodea species 
(Hoffmann et al. 2013, Zehnsdorf et al. 2015). For 
shallow eutrophic lakes, an effective weed management 
option might be the addition of iron (Fe; Hupfer and 
Scharf 2014) because phosphorus (P), a chief plant 
nutrient, can become fixed on Fe and precipitate in the 
sediment, becoming no longer directly available to the 
plant, neither in the surface water nor in the interstitial 
water of the sediment. Immers et al. (2014), however, 
recently described that E. nuttallii survive and grow after 
Fe addition, raising the question of how this plant can 
survive under conditions in which P is not directly 
available. 
344
DOI: 10.5268/IW-6.3.947
Susanne Halbedel
© International Society of Limnology 2016
As with other aquatic plants, E. nuttallii is able to use 
both roots and shoots for P uptake (Eugelink 1998), which 
in oligotrophic conditions takes place mainly via roots and 
thus from the sediment (Angelstein and Schubert 2008). 
Therefore, even if Elodea has only adventive roots, its 
root system can mainly drive the nutrient uptake 
(Angelstein et al. 2009). Nutrient uptake via roots has im-
plications for the biogeochemical character of the 
surrounding sediment (see examples in Laskov 2007). In 
addition to nutrient uptake, the released oxygen, a process 
known as radial oxygen loss (ROL), also affects the bio-
geochemical character of the sediment (Hupfer and 
Lewandowski 2008). This process was experimentally 
tested for macrophytes including Myriophyllum spicatum, 
Potamogeton crispus, and Elodea canadensis (Hupfer and 
Dollan 2003, Laskov 2007) but not E. nuttallii. Roots of 
aquatic plants could significantly affect processes such as 
Fe reduction and thus could directly affect the availability 
of P (Hupfer and Dollan 2003). 
In Fe-rich sediments, the released oxygen and Fe(II) 
react to form Fe(III)-P precipitate, the so-called Fe plaque, 
on the root surface of aquatic plants (Wium-Andersen and 
Andersen 1972, Chen et al. 1980, Mendelssohn et al. 1995, 
Chabbi 1999, Hupfer and Dollan 2003). These precipitates 
have been described in depth for several species (Laskov 
2007, Beck and Melzer 2013) but not for E. nuttallii. The 
formation of Fe plaque is influenced by Fe(II) and P avail-
ability, the P uptake capacity of plants, ROL rates, pH, 
sediment texture, and redox potential (Mendelssohn et al. 
1995, St-Cyr and Campbell 1996, Laskov et al. 2006). The 
high degree of affinity between P and Fe(III) means that 
the process of plaque formation competes with Fe and P 
uptake by the plant roots (Lijklema 1980, Christensen et al. 
1998, Christensen and Sand-Jensen 1998, Hansel et al. 
2001, Hupfer and Dollan 2003). As described earlier, E. 
nuttallii was recently found to unexpectedly survive and 
grow after the addition of Fe(III) during a lake restoration 
experiment (Immers et al. 2014). Furthermore, I cultured 
E. nuttallii in an oligotrophic aquaculture on Fe-rich 
sediment for several years (see details in Angelstein et al. 
2009) and clearly showed that, where P is predominantly 
bound to Fe(III), E. nuttallii plants must develop an uptake 
strategy as a competitive advantage. 
ROL is also known to extend the aerobic zone into 
deeper sediment layers (Armstrong 1964, Wium-Andersen 
and Andersen 1972, Begg et al. 1994, Christensen et al. 
1997, 1998, Laskov et al. 2006, Mermillod-Blondin et al. 
2008), thereby varying oxygen availability in the 
rhizosphere spatially and temporally (e.g., diurnal and 
seasonal fluctuations) throughout the root system. These 
fluctuations result in patterns of aerobic and anaerobic 
micro-zones (Caffrey and Kemp 1991, Christensen et al. 
1994, Hupfer and Dollan 2003, Laskov et al. 2006, Laskov 
2007) that vary in location and duration, creating microhab-
itats of potential ecological niches for several microbes 
(Chabbi et al. 2001, Küsel et al. 2006, Hupfer et al. 2007, 
Laskov 2007, Mermillod-Blondin et al. 2008, Weiss et al. 
2003). No study exists that examined E. nuttallii plants for 
root-associated microbes, a relationship that could provide P 
sources, as is known for terrestrial plants (de Vrieze 2015).
The goal of this study was to examine for the first time 
the oxygen loss by roots of E. nuttallii plants as well as 
the formation of Fe precipitates on its root surface. 
Additional goals were to determine the spatial pattern of 
ROL along Elodea’s root surface, investigate the distribu-
tion of root-associated microbes, and investigate the 
elemental composition of the Fe plaque formations on E. 
nuttallii roots. The results provide a starting point for 
future research on Elodea’s P uptake mechanisms and its 
impact on actual management strategies. 
Methods
Plant cultivation
The chemical characteristics of the plant culture from the 
study site have been described in detail elsewhere 
(Angelstein and Schubert 2008, Angelstein 2009). The 
total P (TP) content of the littoral sediment used for the 
plant culture was 0.058 (± 0.01) mg g−1 (weight:weight 
Fe:P = 35). In the water column, soluble reactive P (SRP) 
and TP were below detection limits (SRP < 0.003 mg L−1, 
TP < 0.006 mg L−1). The concentration of Fe was 0.013 
(±0.006) mg L−1 (Angelstein and Schubert 2008).
Radial oxygen loss – microelectrode measure-
ments
The oxygen gradient on the root surface was measured 
using an oxygen microsensor system (Clark-type O2-elec-
trode, Ox/100, Unisense, Denmark). The root was fixed in 
a special supporting frame according to Laskov et al. 
(2006), the microelectrode was placed directly on the root 
surface, and the setup was covered with homogenized 
sediment. The plant foliage was placed in a shoot basin 
filled with filtered lake water, aerated, and illuminated 
with ~70 µmol m−2 s−1. After an adaptation time of 30 min, 
vertical oxygen profiles were measured. 
Radial oxygen loss – methylene blue Gerlite 
method
The spatial pattern of oxygen release by roots was 
visualized using a modified methylene blue agar method 
according to Trolldenier (1988) and Laskov (2007). A 
2-compartment apparatus was used for the determination 
of radial oxygen release, described in detail in Angelstein 
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(2009). The root compartment was filled with the liquid 
methylene blue Gelrite, and the shoot compartment was 
filled with filtered lake water (0.2 µm filter). The liquid 
Gelrite was reduced by the addition of Na2S2O4 until 
colorless. To exclude light from the root zone, the root 
compartment was covered with metal foil. 
During the experiment, each plant was illuminated by 
daylight at room temperature for 3 h and then the halo 
formations around the roots were photographed. The 
controls were treated similarly, with plants represented by 
10 cm long plastic sticks.
Iron plaque formation
E. nuttallii roots, coated with Fe plaque (older roots) or 
without Fe plaque (young roots), were cut into halves and 
dried at 60 °C. Samples were examined at the Leibniz-
Institute of Freshwater Ecology and Inland Fisheries in 
Neuglobsow, Germany, with the aid of a field emission 
scanning electron microscope (SEM Hitachi S 4500) 
combined with an energy dispersive X-ray-analysis 
system (ISIS, Oxford Instruments) for microanalysis. 
Root-associated microorganisms
The spatial variability of root-associated microorganisms 
was investigated by means of confocal laser scanning 
microscopy (CLSM). Details of the microscope and the 
staining procedures are described elsewhere (Garny et al. 
2008). For CLSM, root samples (0.5–1 cm length) were 
stained with the lipid-specific stain FM 4-64 and with the 
nucleic acid-specific stain Syto 9. 
Results
Radial oxygen loss
ROL was initially investigated using a microelectrode 
measurement technique to determine the oxygen release 
of 3 selected E. nuttallii plants, representative examples of 
the 10 plants that were positively tested, measured at their 
root zones (Fig. 1). The average oxygen content measured 
on the plant surface in the externally aerated water 
compartment was 7.5 (±1.68) mg L−1. The oxygen content 
in the root zone generally decreased with increasing 
distance from the proximate root surface (Fig. 1), but there 
were also roots or root sections where the measured 
oxygen content did not change with increasing distance 
from the root surface. To confirm these findings, the meas-
urements were repeated using the methylene blue colori-
zation technique. A mosaic-like ROL pattern was observed 
that correlated with the development status of the 
respective root sections: (1) before sediment contact 
(without ROL), (2) after sediment contact (ROL), (3) 
older root surfaces with and without Fe plaque coatings 
(ROL), and (4) root tips (without ROL; Fig. 2a–c). The 
ROL was exclusively restricted to the root sections with 
Fig. 1. Oxygen content in the immediate vicinity of the root surface 
of 3 selected Elodea nuttallii plants, represented by different 
symbols. The results shown are examples of the measurements from 
10 plants. Not all plants displayed radial oxygen release. The oxygen 
content was measured using an oxygen microsensor system.
Fig. 2. Mosaic of oxygen loss around the root surfaces of Elodea nuttallii plants. Plant roots were incubated in 0.1% Gerlite containing 10 g L−1 
methylene blue. The presence of oxygen was indicated by the halo formation around the roots resulting the oxidation of the previously reduced 
methylene blue. The oxygen-free root sections are indicated by arrows. The photos show (a) older root section, after sediment contact, with root 
hairs; (b) older root section, without root hairs; and (c) root tip. Scale bar = 2 cm.
346
DOI: 10.5268/IW-6.3.947
Susanne Halbedel
© International Society of Limnology 2016
root hairs or to older root sections. Neither root apexes 
including early stages in root development nor root 
sections without root hairs (previously growing above the 
sediment; Fig. 2b) displayed any visible halo formation.
Iron plaque formation
The rust-colored precipitates on the root surfaces 
contained Fe (Fig. 3a and b). Aluminium and calcium 
were found as well as oxygen, but no P could be detected. 
By contrast, the surfaces of younger root sections (Fig. 3c 
and d) and root tips showed clear P peaks, but neither Fe 
nor aluminium depositions were detectable. 
Root-associated microorganisms
The ROL mosaic observed on the E. nuttallii root surface 
(Fig. 2) was also reflected in the results of the CLSM (Fig. 
4). The membrane-specific lipid stain (FM 4-64, red) and 
the stain for nucleic acids (Syto 9, green) colorized the 
cells (membrane and nucleoids) of the rhizodermis at the 
root tips (Fig. 4a) and on younger root sections (Fig. 4b, at 
the beginning of root hair development). The stains did not 
effectively colorize the rhizodermis cells of sections repre-
senting older stages of root development (Fig. 4c and d). 
During root development, an increase in the deposition of 
several precipitates, such as Fe plaque (Fig. 1) on the root 
surface, was observed, which may form a barrier that 
Fig. 3. Investigations of the fine structure and the elemental composition of E. nuttallii root surfaces coated with (a and b) or without (c and d) 
rust-colored precipitates carried out with the aid of scanning electron microscopy (b and d) in combination with X-ray microanalysis (a and c). 
The squares in panels b and d indicate the locations of the respective X-ray micro-analysis (a and c).
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Fig. 4. Confocal laser scanning microscope projections of different E. nuttallii root sections illustrating the dependency of the colonization 
with root-associated microorganisms on the root development status. Root sections include (a) root apex, (b) early stages of root development, 
(c) a fully developed root section with initial signs of iron plaque coating and microorganisms, (d) root hair with microorganisms, (e) and a 
fully developed root section with iron plaque coating and few microorganisms. Color legend: membranes (red), nucleic acids (green), and the 
resulting composite image (red/green/yellow). The composite images c and e also show reflections (gray). Scale bar = 20 µm.
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inhibits the staining of older rhizodermis cells. To better 
visualize weakly stained root areas covered with precipi-
tates, the reflection channel was included in the composite 
images (Fig. 4c and d). Both stains, however, colorized the 
microorganisms found on the root surface of E. nuttallii 
plants. Only the root apex including the early root 
development stages (Fig. 4a and b) and root sections above 
the sediment that had no root hairs were free of visible 
microorganisms. In contrast to this observation, a dense 
settlement of microorganisms was found on the root 
surfaces of the older root sections (Fig. 4c). The root hairs 
of these sections were also occupied by microorganisms 
(Fig. 4d). During the root aging process, more Fe plaque 
was precipitated, whereas the visible number of microor-
ganisms decreased in these zones (Fig. 4d and e). In 
comparison to the rhizodermis cells of the older root 
sections, the root hairs, and particularly their membranes, 
were intensely colored by the stains. 
Discussion
A main aim of this study was to demonstrate that 
E. nuttallii could have significant implications on the bio-
geochemical character of its surrounding rhizosphere. 
E. nuttallii were shown to exhibit ROL, the degree of 
which depended on the root development status. The 
development of root hairs corresponds well with the 
spatial distribution of ROL, which may result from 
increased oxygen diffusion rates caused by the thinning of 
the rhizodermis during the root hair elongation process. 
For example, Tomlinson (1969) showed for Thalassia 
testudinum that epidermis cells from younger root 
development stages were thick-walled. The wall thickness 
then decreased as the cells elongated in the process of root 
development, and in older parts, the epidermis was 
partially or completely eroded. Møller and Sand-Jensen 
(2008) also described a gradual increase in root porosity 
for Lobelia dortmanna plants during root elongation. Both 
the increased diffusion areas and increased permeability 
are assumed to cause the oxygen loss in root hair zones of 
E. nuttallii; however, the oxygen loss has a direct effect on 
the chemical character of the surrounding sediment. 
The rust-colored precipitates found on E. nuttallii roots 
indicate that ROL causes Fe coatings (Fe plaque) to form 
on their root surfaces, and, depending on the thickness of 
the Fe coatings, creates a barrier against further oxygen 
loss. This process was demonstrated, for example, for Fe 
coatings on Lobelia dortmanna roots (Møller and 
Sand-Jensen 2008). With increasing thickness, the Fe 
plaque might hamper the uptake of more P by plant roots 
(Christensen et al. 1998, Christensen and Sand-Jensen 
1998, Hupfer and Dollan 2003, Xu et al. 2009). Especially 
under oligotrophic conditions, aquatic plants must balance 
the conflicting processes of Fe coating formation on root 
surfaces and P uptake. 
The investigations on the elemental composition of the 
Fe coatings on E. nuttallii roots however, revealed 
unexpected results: P in the Fe plaques was undetectable. 
Fe precipitates operate as effective P sinks, as has been 
previously demonstrated in experiments confirming the 
presence of P in these precipitates (Christensen et al. 
1998, Christensen and Sand-Jensen 1998). Phosphorus 
has a high degree of affinity to oxidized Fe, the main 
constituent of root precipitates; therefore, expecting P to 
be part of the elemental composition of the plaque on 
E. nuttallii’s roots was reasonable. Only Chabbi (1999) 
reported results comparable to the findings reported here 
(i.e., Fe plaques without P on Juncus bulbosus growing in 
a highly acid mining lake).
An explanation for this apparent paradox may arise by 
considering the following factors that substantially 
influence Fe:P ratios on root surfaces: (1) the availability 
of P in the sediment, (2) P uptake by plant roots, and (3) 
microbial activity on root surfaces.
1. Availability of P: The E. nuttallii plants used in this 
study were cultivated on lake sediment with a weight-for-
weight Fe:P ratio of ~35 (TP = 0.058 mg g−1); therefore, 
the absence of P in the elemental composition of its Fe 
coatings cannot be explained by an absence of P in the 
cultivation sediment.
2. Phosphorus uptake by the plant roots: The Fe 
concretions on root surfaces, in combination with ROL, 
function as P sinks in a relatively anoxic environment 
(Hupfer and Dollan 2003). The exudation of protecting 
enzymes, or enzymes in general, as well as the process of 
Fe oxidation at the root surface might support the release 
of P from the coatings, and this in turn may enhance P 
diffusion into roots (Batty and Younger 2003, van der 
Welle et al. 2007, Xing et al. 2010, Bakker et al. 2016). 
Several examples document wetland plants in which an 
increasing Fe precipitation was associated with an 
increasing P uptake (Batty and Younger 2003, Xu et al. 
2009). Conlin and Crowder (1989) suggested that 
accumulated P on the root coatings may represent a source 
for plant nutrients (Batty and Younger 2003); therefore, 
the Fe coatings observed on E. nuttallii plants could 
augment the uptake of P until the Fe concentration become 
toxic (Xu et al. 2009, Xing et al. 2010). 
3. Activity of microorganisms: Root-associated micro-
organisms were found on different roots under investiga-
tion, and the frequency of visible microorganisms 
increased with ROL intensity and decreased with 
precipitate thickness. The microorganisms may remain in 
the micro-spaces between root precipitates and the root 
surface, as described for other macrophytes in Chabbi 
(1999) and Chabbi et al. (2001), but their development on 
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the outer precipitate surface might be hampered by a lack 
of oxygen. Other macrophytes have root-associated mi-
croorganisms that rely on ROL (Trolldenier 1988, 
St-Cyr et al. 1993, Chabbi 1999, Chabbi et al. 2001, Kurtz 
et al. 2003, Weiss et al. 2003). For example, Fe-oxidizing 
bacteria (Emerson et al. 1999, Weiss et al. 2003) and 
Fe-reducing bacteria (King and Garey 1999, Weiss et al. 
2003) rely on the mosaic of oxic–anoxic microzones of 
wetland plant roots (Weiss et al. 2003). According to the 
explanations given by Weiss et al. (2003), Fe(II) from the 
sediment might be oxidized by autocatalytic and biotic 
mechanisms using ROL initially released from plant roots 
functioning as the terminal electron acceptor. In a 
subsequent anaerobic phase, Fe-reducing bacteria use pre-
cipitated Fe(III) from Fe coatings for the re-reduction of 
Fe(III) and thereby release the P from coatings, thus 
making it available for plants. Root-associated microbes 
(bacteria or fungi) may possibly benefit not only from 
oxygen, but also from root exudates as a main labile 
carbon source or as enzymes affecting the chemical 
character of the rhizosphere, a mechanism well known 
from terrestrial ecosystems. Root exudates of terrestrial 
plants are often the regulators of a root–microbe 
interaction (de Vrieze 2015, Moore et al. 2015). To my 
knowledge, these mechanisms have not been investigated 
in aquatic ecosystems. 
In conclusion, a correlation between ROL from E. 
nuttallii roots and microbial colonization on their root 
surfaces has been demonstrated for the first time. This 
correlation accords with the spatial patterns of oxygen 
availability and its tendency to decrease with increasing 
root coatings. The absence of any detectable P in the Fe 
coatings on E. nuttallii roots was unexpected and led to 
the assumption of a more complex P uptake mechanism in 
which root-associated microorganisms might also be 
involved. Many aspects of the role of microorganisms in 
the Fe plaque formation on aquatic plant roots and their 
role in Elodea’s P uptake strategy remain unclear, 
however, and should be the subject of future investiga-
tions. In addition, how such an effective P uptake strategy 
could affect the success of actual P or weed management 
strategies must also be examined.
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